The melting of ice under pressure is investigated with a series of first-principles molecular dynamics simulations. In particular, a two-phase approach is used to determine the melting temperature of the ice-VII phase in the range of 10 -50 GPa. Our computed melting temperatures are consistent with existing diamond anvil cell experiments. We find that for pressures between 10 and 40 GPa, ice melts as a molecular solid. For pressures above Ϸ45 Gpa, there is a sharp increase in the slope of the melting curve because of the presence of molecular dissociation and proton diffusion in the solid before melting. The onset of significant proton diffusion in ice-VII as a function of increasing temperature is found to be gradual and bears many similarities to that of a type-II superionic solid.
T he determination of the melting curve of water is important to many fields of science, including physics, chemistry, and planetary science. For example, it has been suggested that the cold subduction zones in Earth are likely to intersect with the high-pressure melting curve of water, which would have profound implications for the chemical composition and transport of materials in the interior as well as the long-term evolution of the planet as it cools (1) . It is then quite surprising that as recently as 4 years ago, experimental measurements of the melting temperature (T m ) of ice in the range of 10-20 GPa have differed by up to 20% (2, 3) . However, with advances in combining techniques such as angle-dispersive synchrotron x-ray diffraction or in situ optical Raman spectroscopy with improved diamond anvil cell technologies, many discrepancies between different measurements have been resolved, and it is now possible to accurately measure the melting temperature of ice to within a few percent for pressures up to 20 GPa (3) (4) (5) (6) . For pressures Ͼ20 GPa, only few experiments are available, and at Ϸ50 Gpa, the most recently reported values of T m (5-7) (see Fig.  1 ) exhibit significant differences with each other. Despite these large quantitative discrepancies, all of the experimental reports have found evidence of a sharp increase in the melting curve slope at Ϸ35-45 GPa, which opens up the possibility that water exists as a solid in the deep interiors of planets such as Neptune, Uranus, and Earth (5, 8, 9) .
In addition to various experimental measurements, numerous first-principles investigations of the properties of high-pressure water and ice have been carried out (6, (10) (11) (12) (13) (14) (15) (16) . In particular, in ref. 12 , it was first predicted that for pressures near 30 GPa, the slope of the melting curve should increase rapidly because of the appearance of a superionic solid phase. A superionic conductor is a material that exhibits an ionic conductivity Ͼ1 (⍀ cm) Ϫ1 in the solid phase (17) . In the case of water, the superionic phase was predicted to stem from molecular dissociation leading to fast proton diffusion within a stable body-centered cubic (bcc) sublattice of oxygen atoms. Subsequent first-principles studies have reported a similar behavior (16) . Although these theoretical investigations are in overall agreement about the existence of a superionic phase, they are in poor agreement with each other regarding the location of the melting curve of ice as a function of pressure. In particular, different simulations have indicated that at 2,000 K, ice will melt at pressures ranging from 30 GPa (12) to 65 GPa (6) or to 75 GPa (16) . These large differences are puzzling, given that a nearly identical level of theory was used. In addition to possible issues related to finite size effects and simulation time scales, these discrepancies may come from the choice of the computational approaches used to locate the solid-liquid phase boundary. Specifically, all of the previous reports were based on single-phase simulations (starting from either the solid or the liquid phase) and carried out with a ''heat-until-it-melts'' or a ''squeeze-until-it-freezes'' strategy for locating the transition between the liquid and the solid phase. The concern is that these techniques may lead to regimes where the solid is superheated (18) . For example, superheating effects in ice can be clearly seen in a number of existing single-phase simulation studies using classical potentials (19, 20) as well as in ultrafast temperature jump (21, 22) and dynamic compression (23, 24) experiments.
Here, we report on the determination of the melting curve of ice up to 50 GPa, as obtained by using a two-phase simulation method (25) and first-principles molecular dynamics (FPMD) simulations. In addition, we discuss the onset of molecular dissociation under pressure, which is found to be a gradual process; our simulations indicate that hydrogen diffusion in the solid before melting bears many similarities to that of diffusing species in type-II superionic solids. For pressures Ͼ30 GPa, our results are consistent with the diamond anvil cell experimental measurements reported in ref. 7 as well as with the upper-bound values from ref. 5, and they are systematically higher than those reported in ref. 6 .
Before determining the melting curve of ice with the twophase approach, we investigated the behavior of high-pressure ice as a function of temperature by carrying out a series of large-scale FPMD simulations. This initial investigation is similar to several previous studies where a heat-until-it-melts approach was used, except for the larger simulation sizes adopted in the present case (128 instead of 32 (12) or 54 (6, 16) molecules). For the pressure range of interest (10 to 90 GPa), ice-VII is the stable solid phase Ͼ300 K. Ice-VII is a molecular solid with oxygen atoms arranged on a bcc lattice and disordered hydrogen atoms. The overall structure is often described as two interpenetrating hydrogen-bonded networks of cubic ice that are not connected to each other because they do not share any hydrogen bonds.
The starting configurations for our simulations were generated by placing 128 oxygen atoms on a bcc lattice, and, by using a Monte Carlo procedure, 256 hydrogen atoms were included in a random fashion, in such a way as to minimize the net dipole moment and maintain Pauling's ice rules (26) . Constant pressure and temperature simulations were carried out at 30, 50, 70, and 90 GPa and at 400 K. After equilibrating the system for 5 ps, statistics were collected for 5 ps, followed by repeated 400 K temperature increases in the range of 400 to 4,000 K.
In Fig. 2 , the change in the average lattice parameter as a function of the simulation temperature is shown for three different isobars. For temperatures below Ϸ1,200 K, the initial increase in the lattice parameter with temperature is approximately linear, and at higher temperatures, an inflection point near 1,500 K can clearly be seen in the 50-GPa simulations. For the higher-pressure simulations, similar (although increasingly less pronounced) changes can be found at higher temperatures. Along the 50 GPa isobar, the MD run at 1,400 K was carried out twice: once by heating from the sample at 1,200 K and once by cooling from the sample at 1,600 K. Identical average cell parameters were obtained in both cases, thus indicating that the transition occurs smoothly, with little or no hysterisis effects.
The reason for the rapid increase in cell size found in Fig. 2 can be understood by examining the mean-squared displacement (MSD) of the oxygen and hydrogen atoms in our simulations. For example, in Fig. 3A , the MSD of the oxygen and hydrogen atoms collected from the simulation at 50 GPa and 1,200 K is shown. After the initial ballistic region, the MSDs of both the hydrogen and oxygen atoms quickly level off, indicating that neither species was diffusive. A structural analysis of the trajectory confirmed that the original ice-VII structure was preserved throughout the simulation. In Fig. 3B , a similar MSD analysis is displayed for the simulation at 50 GPa and 1,400 K. After Ϸ0.5 ps, the hydrogen atoms start diffusing, whereas the oxygen atoms oscillate around their bcc lattice sites [i.e., the system begins to behave as a superionic solid (12) ]. Further increases in temperature resulted in faster hydrogen diffusion within the stable bcc oxygen sublattice until very high simulation temperatures (data not shown) were reached. For example, in the 50-GPa run, the entire system became diffussive only when the temperature was increased to Ϸ3,000 K. This is Ͼ1,000 K higher than any of the existing experimental measurements of the melting temperature at 50 GPa (5-7); hence, it is reasonable to assume that in these simulations, the sample has been superheated past the melting temperature. If the differences with experiments observed here are indeed due to significant superheating effects, then the inflection points seen Fig. 2 may correspond to conditions attained in a solid superheated above melting.
To avoid possible superheating effects of single-phase simulations, we determined the melting temperature of ice-VII with the two-phase simulation technique. This computational approach is based on a direct comparison of the liquid and the solid free energies, obtained by performing simulations of liquid-solid interfaces. The initial configurations for our simulations were generated by carrying out independent single-phase solid (ice-VII) and liquid MD simulations of 128 water molecules at identical temperatures and pressures. The solid and liquid configurations were then combined into a single cell containing a total of 256 water molecules with a small gap between the solid and liquid surfaces. After equilibrating the solid and liquid layers independently with short MD runs under constant volume and temperature conditions, an MD simulation at constant temperature and pressure was carried out until the entire system became either a liquid or a solid (i.e., the system completely either melted or froze). For a given pressure, many independent simulations were carried out at different temperatures to recursively bisect the melting temperature to within 50-100 K. In nearly all of the two-phase simulations where the system froze, the oxygen atoms were found to be arranged in a complete bcc lattice. The only exceptions were the simulations carried out at temperatures well below the equilibrium melting point, where the liquid showed a tendency to freeze into an amorphous solid structure. Snapshots of two-phase simulation samples are displayed in Fig. 4 . The transition to a single-phase, which took, on average, 5-6 ps, was determined by monitoring the atomic MSD, variations in the equilibrium volume and by visual inspection. We note that the velocity of the solid-liquid interface depends strongly on the difference between the simulation temperature and the actual melting temperature (27) . In the cases considered here, where we aimed at bracketing the melting temperature within 50-100 K, we expect to have interface velocities much larger than those observed in analogous calculations with empirical potentials, where the difference between simulation and melting temperatures are much smaller (28) .
In Fig. 5 , our predicted melting temperatures at 10, 30, 43, and 50 GPa are shown along with recent experimental measurements (7) . The point at 43 GPa was obtained by recursively bisecting along the temperature axis (at 1,600 K). At each melting point, we used the Clapeyron equation and single-phase liquid and solid simulations to compute the slope of the melting curve. The computed melting temperature at 10 GPa is Ϸ60 K above the most reliable experimental measurements in this range (3) (4) (5) , possibly indicating that our theoretical predictions are systematically shifted up in temperature by 7-10%. For pressures between 10 and 30 Gpa, ice-VII is found to melt as a molecular solid (with no observable dissociation in the solid phase). At higher pressures, a dissociation onset is observed that takes place at temperatures below melting. Our simulations also indicate that there is an abrupt increase in T m at Ϸ45 GPa; this temperature coincides with the calculated onset of molecular dissociation in the solid. The raise in the slope of the melting curve most likely originates from a large entropic effect due to the dissociating water molecules. As pointed out previously (13, 14) , the onset of dissociation in the liquid takes place at much lower pressures (at Ϸ15 GPa) than in the solid.
Our simulations suggest that for pressures above Ϸ40 GPa and for temperatures below the melting curve, there is a region of the phase diagram where fast hydrogen diffusion takes place, in the presence of a stable oxygen sublattice; these results are consistent with previous simulation data. However, there are significant discrepancies between our results and those present in the literature regarding the location of the melting curve. In particular, the heat-until-it-melts approach used in ref. 12 resulted in melting temperatures significantly higher than those obtained here. In contrast, when a squeeze-until-it-freezes approach has been used, the corresponding melting points are found at higher pressures than in our calculations. For example, at a temperature of 2,000 K, we find a melting pressure of Ϸ50 GPa as compared with 65 GPa in ref. 6 and 75 GPa in ref. 16 . This discrepancy is not surprising, given that high-pressure dynamic compression experiments indicate that rapidly compressing liquid water across the melting line easily results in a metastable liquid requiring 10-100 nanoseconds to freeze (23, 24) . It is also interesting to note that the onset of dissociation in the solid phase reported in ref. 12 is nearly identical to that found here with much larger simulation cells (128 versus 32 water molecules). This insensitivity to the size of the cell is likely because of the fact that dissociation occurs gradually in the solid and does not involve a first-order phase transition; the description of the latter would be much more sensitive to size effects or the specific computational approach.
To further characterize the high-pressure solid region where fast proton diffusion occurs, we have used a set of single-phase simulations to compute the proton diffusion coefficient as a function of temperature along a 50-GPa isobar. As shown in Fig.  6 , at low temperatures, within 1,300-1,600 K, proton diffusion increases rapidly with temperature. This temperature interval Fig. 5 . The melting curve of ice at high pressure. The black circles indicate the prediction of the melting temperature from the two-phase simulation reported in this work, and the dashed diamonds correspond to the onset of significant proton diffusion in the single-phase simulations. The short black line segments centered on the computed melting points represent slopes obtained from single-phase simulations and the Clapeyron equation. The blue dashed curve is the melting curve determined from the laser-heated diamond anvil cell experiments (7) . The filled black square indicates the onset of dynamical translation proton disorder in FPMD simulations of ice-VII (37), and the black dashed curve indicates the same transition in ice-VII, as identified in Raman experiments by the detection of significant broadening in the phonon mode (6) . corresponds directly to the inflection point present in Fig. 2 . Visual inspection of the simulation trajectories clearly shows that in this temperature range, diffusion occurs by protons hopping between neighboring oxygen sites in a highly correlated fashion. For T Ͼ1,600 K, the protons still diffuse via hopping between neighboring oxygen sites, but the rate of change of the diffusion coefficient as a function of temperature is smaller and there is no noticeable correlation between individual dissociation events.
It is interesting to note that the overall behavior found here for hydrogen and oxygen diffusion in water at 50 GPa is similar to that of ionic species composing superionic solids, such as PbF 2 . Lead fluoride is a type-II superionic solid, and in such solids, the onset of the superionic phase occurs gradually and is not accompanied by a first-order structural phase transition (17) . In type-II superionic conductors, the ionic conductivity increases rapidly with T, followed by a slower increase as the melting temperature is approached, in a manner that is very similar to the temperature dependence of the proton diffusion coefficients found in our calculations (see Fig. 6 ). We also note that the change in the PbF 2 lattice parameter as a function of temperature is remarkably similar to the trends shown in Fig. 2 (29) . This is in contrast to the well known behavior found in type-I superionic solids, such as AgI (17), where the transition to a superionic phase occurs abruptly as the iodine sublattice undergoes a first-order structural transition (under ambient pressure conditions) from a hexagonal wurtzite to a bcc ordering, and the Ag cations begin to diffuse rapidly.
At even lower temperatures, the dynamical properties of ice-VII have been extensively examined by theory (30, 31) and experiment (6, 32) . In particular, along a 300 K isotherm, FPMD simulations indicate that at pressures greater than Ϸ55 GPa, the protons in ice-VII begin to hop back and forth between neighboring oxygen atoms along hydrogen bonds. This process, which is referred to by some as a transition to ''dynamical translational proton disordered,'' ice-VII has been investigated also at higher temperatures by monitoring the broadening of the ice-VII phonon modes in Raman spectroscopy experiments (6) and appears to have a negative slope (see Fig. 5 ). Although the protons become mobile as they hop between neighboring oxygen atoms, this dynamical process does not lead to significant proton diffusion (see, for example, figure 2d in ref. 31 and figure 3 in ref. 32 ).
There are a number of different experimental measurements that could be used to directly verify the physical properties of water under pressure predicted by our simulations. In particular, measurements of protonic diffusion in high-pressure ice-VII have been carried out by monitoring the time-dependent infrared reflectance spectra of H 2 O/D 2 O bilayers in a diamond anvil cell (32) . Unfortunately, these experimental measurements have only been carried out along a 400 K isotherm, and a simple diffusion model was used to extrapolate the data to higher temperatures; this model did not support the existence of a superionic region in the water phase diagram. It would be interesting to carry out similar measurements at higher temperatures, thus avoiding the use of extrapolations. Alternatively, with recent advancements in diamond synthesis, it should now be feasible to directly measure the conductivity of ice-VII at high pressures and temperatures. For instance, lithography techniques have been used to deposit tungsten electrodes directly on a diamond culit followed by additional epitaxial diamond growth (33) . In principle, these so-called ''designer diamond anvil cells'' could be used to measure the ionic conductivity of ice-VII as a function of temperature, which would represent the most direct probe of the proposed superionic phase in high-pressure ice.
In summary, we have used FPMD simulations to investigate the melting of ice in the pressure range of 10-50 GPa. For pressures ranging from 10 to 30 Gpa, we find that ice melts as a molecular solid, whereas for pressures above Ϸ40 GPa, significant molecular dissociation occurs in the solid phase before melting. This onset of dissociation appears to occur gradually as ice-VII is heated and leads to a region in the phase diagram where fast proton transport occurs within a bcc lattice of nondiffusive oxygen atoms. The transport of protons occurs in a highly correlated fashion well below melting, and as the temperature is increased close to the melting temperature, proton diffusion becomes uncorrelated and should lead to significant ionic conductivity while in the solid phase. The overall behavior of water in this pressure range bears many similarities to a type-II superionic solid, such as PbF 2 .
To accurately determine the melting temperature of water, we used a two-phase simulation method that is designed to avoid the large superheating and cooling effects that are often present in single-phase heat-until-it-melts or squeeze-until-it-freezes approaches. Our computed melting temperatures are in good quantitative agreement with recent laser-heated diamond anvil cell measurements (5, 7) and confirm that for pressures close to 43 GPa, there is a significant increase in the slope of the melting curve. As pointed out previously, such a steep increase in the melting curve of water has potential implications for planetary science and opens up the possibility that there is solid ice in the deep interiors of planets, such as Neptune, Uranus, and Earth (5) . In addition, the presence of highly mobile protons with significant ionic conductivity should significantly influence the chemical, electronic and transport properties of the planets as well (34) .
Methods
The FPMD simulations were based on density functional theory (DFT) and were carried out within the Qbox code (http://eslab.ucdavis.edu/software/ qbox) with Born-Oppenheimer molecular dynamics under constant pressure and temperature conditions. A time step of 10 atomic units, norm-conserving pseudopotentials, the Perdew-Burke-Ernzerhof generalized gradient approximation (35) (GGA), and a plane wave basis truncated at a maximum kinetic energy cutoff of 85 Rydberg were used for all simulations. The deuterium mass was used to represent hydrogen. Simulations at the DFT/GGA level of theory are known to lead to significant overstructure and slow diffusion of liquid water under ambient temperature and pressure conditions as compared with experiment (36) . However most of the disagreement with experiment appears to be due to the neglect of nuclear quantum effects (37, 38) , and nuclear quantum effects are unlikely to have a significant influence on the high-temperature properties of water of interest here.
